Abstract-In 1991, a novel robot named MIT-MANUS was introduced as a test bed to study the potential of using robots to assist in and quantify the neurorehabilitation of motor function. It introduced a new modality of therapy, offering a highly backdrivable experience with a soft and stable feel for the user. MIT-MANUS proved an excellent fit for shoulder and elbow rehabilitation in stroke patients, showing a reduction of impairment in clinical trials with well over 300 stroke patients. The greatest impairment reduction was observed in the group of muscles exercised. This suggests a need for additional robots to rehabilitate other target areas of the body. Previous work has expanded the planar MIT-MANUS to include an antigravity robot for shoulder and elbow, and a wrist robot. In this paper we present the "missing link": a hand robot. It consists of a single-degree-of-freedom (DOF) mechanism in a novel statorless configuration, which enables rehabilitation of grasping. The system uses the kinematic configuration of a double crank and slider where the members are linked to stator and rotor; a free base motor, i.e., a motor having two rotors that are free to rotate instead of a fixed stator and a single rotatable rotor (dual-rotor statorless motor). A cylindrical structure, made of six panels and driven by the relative rotation of the rotors, is able to increase its radius linearly, moving or guiding the hand of the patients during grasping. This module completes our development of robots for the upper extremity, yielding for the first time a whole-arm rehabilitation experience. In this paper, we will discuss in detail the design and characterization of the device.
chronic impairments after stroke, over 300 persons treated with the robotic protocol have demonstrated significant reductions in impairment in the exercised limb [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . These reductions in motor impairment are in agreement with a prominent theme of current research into recovery, which posits that activitydependent plasticity underlies neurorecovery.
To increase the effectiveness of robotic therapy we must develop new whole-arm therapy approaches that integrate robotic therapy with clinical practice and enhance the carryover of robot-trained movements during functional tasks. We expect that a treatment protocol, properly targeted to emphasize a sequence and timing of sensory and motor stimuli similar to those naturally occurring in daily life tasks, could facilitate carryover of the observed gains in motor abilities, thereby, conferring greater improvements in functional recovery. A whole-arm therapy approach is a departure from our previous robotic rehabilitation research. Our prior research was based on a "bottomup" approach, which assumed that improvements in underlying capacities would enhance motor function during activities and tasks. We envision that whole-arm rehabilitation robotics will be guided by a "top-down" rehabilitation approach, in which a person's identified goals for task performance are used in conjunction with our evaluation data to establish a treatment plan. Robotic technology will not only provide remediation for impairments at the capacity levels (e.g., strength, isolated movement), but will also provide task specific intensive therapy for impaired abilities (e.g., speed or coordination of limb movement) that underlie task performance. One goal of this research is to blend both approaches, and to begin building a scientific basis for the "best" rehabilitation practice. We expect to gain a better understanding of how interventions directed toward one level of performance (i.e., abilities) influence functioning at other levels (e.g., developed capacities, activities, and tasks). We will, thus, extend the focus of robotic therapy from underlying capacities to higher level abilities and skills. To our knowledge, no rehabilitation robotics group can presently pursue this objective because there are no rehabilitation robots that can deliver therapy to the whole-arm, simultaneously manipulating and guiding the shoulder, elbow, wrist, and hand of a stroke patient. We have recently introduced a one-of-a-kind hand robot for the clinic.
We are now capable of delivering whole-arm robotic therapy for the first time ever. The hand robot complements our previous work for the upper extremity including the ground-breaking planar MIT-Manus for shoulder-and-elbow therapy [18] , the antigravity module (spatial training for the shoulder and elbow) [17] , and the wrist robot (3 active degrees-of-freedom (DOF): abduction-adduction, flexion-extension, pronation-supination) [19] . Our family of robots (Fig. 1) can be operated as standalone Fig. 1 . Planar, wrist, and antigravity robots. Top photograph shows the planar shoulder-and-elbow robot (2 active DOFs [18] ), middle photograph shows the wrist robot (3 active DOFs [19] ), and the bottom photograph shows the antigravity robot (1 active DOF [17] ).
devices or mounted at the tip of another robot of the family. Furthermore, all our robots follow the same design philosophy including backdrivability, which allows us to simulate from "feather-touch" unconstrained movements to hard surfaces. This combination of devices allows us the unique opportunity to test whether the whole-arm functional training is essential or the isolated training of a particular limb segment can achieve similar outcomes.
II. BACKGROUND

A. State of the Art
Traditional human-assisted therapy has been augmented with several robots designed to administer different modes of therapy to the impaired upper and lower extremity. Few devices were developed to deliver therapy to the hand. Of these few, the one with the largest track record is the Burdea's pneumatically actuated hand glove, which has a unidirectional mode of actuation (finger extension), and can simulate a virtual object if the subject is able to close the hand [20] .
Another hand device is UC Irvine's HWARD, which allows both flexion and extension. It is a 3-DOF device [21] , pneumatically actuated, and backdriveable via three double-acting air cylinders. It produces up to 122.8 N of force (source pressure of 689 kPa). Rotary potentiometers measure the finger, wrist, and thumb joint angles. Pressure sensors are mounted on both sides of each air cylinder, and applied forces are computed from these sensors' readings. HWARD can assist repetitive grasping and releasing movements, while allowing the subject to feel real objects during therapy. A third hand device has been developed at the Rehabilitation Institute of Chicago under the auspices of the Sensory Motor Performance Program (SMPP). Their hand manipulator enables controlled rotations of the metacarpophalangeal joints under isokinetic or isometric contraction. It is presently being used to study spasticity [22] and weakness following stroke.
We will conclude this overview mentioning the work being done at the University of Washington. Matsuoka [23] is developing a finger exoskeleton device. It is driven by the users own muscle signals via the use of surface electromyography (EMG) sensors attached to the patient's arm. Other important contributions [24] [25] [26] [27] consist in development of exoskeletons for teleoperation and haptic interfaces.
B. Our Contribution to the State of the Art: MIT Hand Robot Alpha-Prototype I.
To deliver whole-arm functionally based rehabilitation robotics, we must manipulate a patient's hand. Our first prototype of the hand robot was completed at MIT in 2001 [30] , [31] . Moving the patient's hand is not a simple task, since the human hand has 15 joints with a total of 22 DOF. Therefore, it was necessary to determine how many DOFs are necessary for a patient to perform the majority of everyday functional tasks.
In the end, several simplifications were made. First and foremost, not all fingers were actuated. The robot actuates the thumb, the index finger, and then, the remainder of the fingers simultaneously in a "mitten" configuration. Secondly, not all finger joints are actuated. It is physically impossible to flex the proximal interphalangeal (PIP) and distal interphalangeal (DIP) joints separately. Therefore, they are actuated together in the robot design, reducing the number of finger DOF to two. Finally, since abduction/adduction is less significant functionally than flexion/extension for most joints, it was eliminated from all joints except the CMC (carpo-metacarpal) of the thumb. These simplifications bring the number of active DOFs to eight.
The number of DOF is only a part of the specification for the joints of the robot. The other part is the range of motion (ROM) of each joint. Although most patients will not be able to accomplish the full ROM of an unimpaired person, it is desirable for the robot to have the ability to reach the full ROM. Table I shows the ROM of each of the robot joints [28] . It is important to note that almost all joints need to be actuated in both directions in order to accomplish full ROM.
Finally, the robot also needs to provide force to the hand in order to help move the patient's digits. This force should be sufficient to overcome any tone and spasticity the patient might have, but also must not injure the patient. From a functional point of view, the force provided must allow the patient to complete common tasks such as holding a can or a key. Table II shows the maximum force the robot should provide for each DOF [29] . These force estimates were obtained from a literature review on measured grip forces, as well as by experiments performed in our laboratory.
In addition to these technical specifications, there are also some patient-based requirements that the robot must meet. Most importantly, the robot must be safe. This requirement includes the need for the robot to be backdrivable, as well as the inclusion of software limits in the robot controls. The robot must also be comfortable for the patient, especially since many patients will also be dealing with the discomfort of edema in their hands. Comfort includes being able to fit different-sized patients, and being easy to get on and off. Finally the robot must be compact and aesthetically pleasing in order to not overwhelm patients who have never seen or interacted with a robot before.
The patient interaction part of the robot can be broken down into the finger module and the thumb module. These modules are designed to be used together but could be separated in later versions of the robot in order to concentrate the therapy. Using both modules allows the patients to practice almost any functional task, including the perceived vital task of finger opposition. Included in the finger module is the hardware for the index finger and the remaining fingers (Fig. 2) . The actuated motions are metacarpophalangeal (MCP) flexion/extension and PIP/DIP flexion/extension, giving the module 4 DOF. The index finger hardware must reach over the other fingers, and allow for separate actuation. It is angled back at 45
• , since that is the ROM for the index finger MCP if actuated without the other fingers. Flexible pieces are mounted at the end of the cantilevers; these directly interface with the patient. Ergonomic design and foam padding on these pieces increase patient comfort while providing a surface for transmission of force to and from the patient. The thumb module is slightly more complicated. This module also consists of four DOFs: interphalangeal (IP) flexion/extension, MCP flexion/extension, CMC flexion/extension, and CMC abduction/adduction. Flexion/extension of IP, metacarpophalangeal in thumb (MP), and CMC joints is provided by cable-driven flexure joints. However, the CMC abduction and adduction are actuated differently by designing the sliding bearing structure. Initial evaluation of this device revealed that the design must be improved to augment its bandwidth and reduce friction. While this device might even- tually lead to a standalone hand robot, the alpha-prototype I was too large and bulky to afford modularity and whole-arm functionally based training. The middle sketch shows the 4-DOF module to manipulate the thumb, while the bottom sketch shows the whole device. The device was not fully backdrivable, as significant friction was observed in the cable-drive system and the bandwidth was below 10 Hz [32] ; these results led to an unsuitable robotic device for rehabilitation.
III. MIT HAND ROBOT ALPHA-PROTOTYPE II: CONCEPT AND IMPLEMENTATION
Initial tests with our 8-DOF alpha-prototype I demonstrated that the target specifications were not only unrealistic but required a level of complexity, which clinical experience proved to be unwarranted. The perceived "vital" task of finger opposition proved to be far fetched for the typical patient enrolled in robot therapy, who typically had a severe to moderate stroke. For these patients, finger opposition is unrealistic, and we set our goals on training grasp. A revised target specification was adopted in the design of the novel hand module; we relaxed the requirement for finger opposition, limiting it to grasp and release, and promoted modularity to apply the new device to afford whole arm experience. The revised requirements are that it must: 1) be modular; 2) be easy to put on and take off (<2 minutes); 3) be backdrivable; 4) not cause pain or injury to the patient; 5) actuate grasp and release function; 6) have accurate measurement and control of the actuated joint; 7) include a passive mechanism in order to compensate for hypertonia. We employed a conventional brushless motor in a novel statorless fashion where the stator of the motor is not connected to a fixed frame but free to rotate: in order to accomplish this requirement the stator and the rotor are both free to rotate with respect to each other, and referred to from now on as inner and outer rotors. Our hand robot is an embodiment of a double crank and slider mechanism (DC&S module) [33] in which the arms are connected to inner and outer rotors and move in opposition. They generate a linear trajectory of a panel, which can be seen as the end-effector interacting with human hand and/or fingers [see Fig. 3(a) ].
A brushless rotary electrical actuator is used in order to convert rotational motion into linear motion. The DC&S-module can be stacked in multiples mimicking a cylindrical shape. Fig. 3 shows the kinematic structure with (c) two, (d) four, or (e) eight panels. The mechanism rotates with inner and outer rotors both around a common axis; the rotation is converted to linear motion delivered to the panels by pairs of arms connected to these rotors; the kinematic relation (1) can be deduced by observing Fig. 3(b) as given by
where θ is the angle between the inner and outer rotors and λ is the ratio of r to l, which are the dimension of the mechanism. The force delivered by the mechanism highly depends on the angle between the inner and outer rotors. The maximum range of motion of the mechanism, before reaching a singularity, is 180
• between the stator and the rotor. The dynamics of the device is similar to that of a crank and slider; the equation of the torque (T ) as function of radial force (F ) and angle between the outer and inner rotors (θ) can be written as
To avoid the singularity position, the workspace is restricted to a (30 • -135 • ) range of motion via mechanical stops.
A. Mechanical Design
The number of panels was chosen to mimic the shape of the hand [ Fig. 4(a) ]. Fig. 4(b) shows the hardware with the chosen six-panel configuration. The device is modular, and its external radius dimension is 40 and 77 mm in closed and opened configuration, respectively.
The hand robot is used to simulate grasp and release with its impedance determined by the torque between inner and outer rotors. To compensate for the patient's hypertonicity, we employed a torsion spring mechanism, which adds a parallel torque to the one delivered by the motor [see Fig. 4(c) ]; in this way, a torque offset can be created and the hypertonicity compensated by rotating a ratchet, and consequently charging the torsion spring. Note that we have the rubber casing removed in order to show the structure of the mechanism: the device used for trials with human subjects is equipped with a soft rubber casing to prevent pinching of the fingers; the viscoelastic force introduce by this element has not been considered in this preliminary test of the system; in the future, the implementation of the control will take into account the effect induced by a flexible element such as the rubber case. We are also not showing the Velcro bands, which keep the hand attached to the device during both grasp and release.
IV. EXPERIMENTAL SETUP: SYSTEM CHARACTERIZATION AND PERFORMANCE MEASUREMENT
A. Unconstrained Stability Range
An impedance controller (4) has been implemented with respect to the mutual rotation and velocity of inner and outer rotors where T is the delivered torque k and b is the stiffness and damping, respectively, α is the angular position of the mechanism, and α 0 is the reference position
Impedance limits are determined by the value of the gains of the controller for which the system remains stable after an input when it is allowed to evolve in uncoupled configuration. For patient operation, a critically damped system is desirable; any oscillations would not result in a desirable sensation. To have an idea of the range of acceptable gain values of the controller for which the device remained stable, a simple test was performed. Its goal was to determine the unconstrained stability boundaries. The test consisted of implementing a double FOR loop that varied the proportional and derivative gains of the potential difference (PD) controller. At each iteration, the device was "perturbed" and observed until instability occurred.
The stability test procedure can be summarized as follows: the system was perturbed by inputting a 5
• step into the controller and deemed unstable if the oscillatory behavior did not die out. For a given damping, the stiffness was increased until instability occurred. The ranges of 0-50 Nm/rad and 0-1.5 Nm/rad/s, for the stiffness and damping, were explored, respectively; the outcomes are summarized in Fig. 5 .
The trials were performed for four different rest configurations of the mechanism 45
• , 60
• , 90
• , and 120
• , respectively, in order to investigate the effects of configuration dependence on stability. We observed no appreciable dependence on configuration; the dashed curve interpolates the outcomes and traces the bound between the two upper and lower regions where the system is respectively unstable and stable, once the proportional and derivative controller gains are set. 
B. Friction Analysis, Maximum Radial Force, and Bandwidth
One of the most important features of interactive robots is backdrivability, i.e., low mechanical impedance seen from the endpoint. Backdrivability depends primarily on the inertia and friction of the system. Using an argument based on human perception, the most restrictive requirements on end point inertia and friction occurs when the robot is in the "passive" configuration (i.e., the robot has no preferred position, and it is not assisting the patient toward an equilibrium point), so that the reference force is the inertial and frictional load felt by the patient at the end point.
While inertia can be reduced by optimizing the mechanism design, friction cannot be completely avoided, though it is in the best interest of the design to minimize friction. An ad-hoc test was performed to quantify friction forces during motion. In these tests, a constant velocity was input to the motor in order to move it in a range of ±0.5 rad. A plot of the torque delivered by the actuator as a function of speed is shown in Fig. 6 .
This qualitative analysis of friction showed the system to be characterized primarily by Coulomb rather than viscous friction, but does not provide an accurate evaluation of the friction coefficients. In order to quantify the friction coefficients, we considered ten different values of commanded velocity and their corresponding delivered torques; a linear regression was used to obtain the viscous and Coulomb friction coefficients, where the slope of the line determined the viscous coefficient and the intersection with the torque axis determined the Coulomb friction coefficient (Fig. 7) .
In a different test, we investigated the relation between the actual radial force exerted by the panels as function of the input current to the motor. A custom jig (top panel, Fig. 8 ) allowed the mechanism to be mounted inside a structure equipped with a force sensor (resolution of 0.0139 N); a manually operated screw driven mechanism moved the force sensor horizontally to map the delivered force at different angular configurations of the device. The bottom panel of Fig. 8 shows the force versus the angular configuration of the device for ten different input current values. The minimum force is delivered when the device is at a 55
• angular configuration; the force increases with angle θ, and at 135
• the device is able to apply a 120-N maximum force to the external panels before the actuator saturates.
The bandwidth of the system was investigated by a simple sine sweep test; same customized jig from the previous experiment was used to hold the device in a fixed configuration. Sinusoidal current at a known frequency from 1 to 100 Hz was input to the device, and the delivered force was acquired by the force sensor; a Fourier analysis was performed in order to obtain magnitude and phase; as shown in Fig. 9 , the response of the system has a cutoff frequency around 20 Hz, making the bandwidth acceptable for rehabilitation purposes.
V. PRELIMINARY HUMAN TRIALS
The device includes sensors for position, velocity, and motor current (used to estimate torque). The external radius of the mechanism during interaction with the patient is given by
where θ is the angle between the inner and outer rotors. A custom-made current sensor allows us to measure the current in each motor phase during the trials, and evaluate the torque delivered by the motor using the previously determined torque constant. The force depends on the configuration of the device and on the torque (6) as given by
where the torque T is the product of the motor current I and the torque constant K t of the motor. Our initial trial included a very simple interactive game (top, Fig. 10 ), which is a variation of a pursuit task with the inner circle representing the hand and the outer circle of the goal.
During the game, the system is impedance-controlled resisting movements of the hand with a viscous and elastic force. Fig. 10 shows the displacement, the angular velocity, and the current during one of these tests with unimpaired young subjects. The fact that the velocity drops to zero while the torque is not zero is not due to the impedance controller, but due to human motor behavior.
VI. CONCLUSION
The development and success of MIT-MANUS as a robotic aid for neurorehabilitation has prompted the development of new devices targeting other limb segments and muscle groups often affected by stroke. This paper provides an overview of MIT's first-and second-hand robot alpha-prototypes. We have started Fig. 11 . MIT hand module final design. Note that the rubber casing was removed to show the mechanism, and that the Velcro bands are not shown, which keep the hand attached to the device during both grasp and release. the transition of the second-hand alpha-prototype robot into the clinic. The hand robot is capable of providing sensorimotor training for grasp and release. In its final form (Fig. 11) , this device will offer insights into the human motor control and human learning, as well as the potential for tailoring therapy to patients' needs; and rigorously quantifying outcomes in solo operation or mounted at the tip of the planar, wrist, or antigravity modules or combinations of these to afford, for the first time, a whole-arm functional training [ Fig. 4(d) 
